the case with extensive rinsing. Low-M, compounds are, however, occasionally lost by the micro-rinse procedure.
Adsorption to nitrocellulose is compatible with most solvents used for dissolving proteins. Strong denaturants such as 8 M-urea or 4 M-guanidinium hydrochloride solutions can also be used if extensive rinsing is applied.
Characterization of proteins by M , determination
The PD spectrum of a nitrocellulose-bound protein contains, as can be seen in Fig. I , almost only M , information. For smallcr peptides ( M + H)' dominates, whereas the spectra of larger proteins also contain a series of multiple charged ions, i.e. ( M + H 2 ) ? + , ( M + H , ) 3 + , etc. In our laboratory, we mainly study proteins with M , values up to 30 000, and for such proteins, PD-m.s. has replaced the conventional techniques for M , determinations, such as SDS/gel electrophoresis and gel permeation chromatography. Recent examples are an acyl-CoA-binding protein ( M , 9955) (Mikkelsen et a/., 1987) , a chlorophyll-c-binding protein from a photosynthetic bacteria ( M , 7488) (Gerola ei a/., 1988), trypsin isolated from cod (measured M , 23772) (P. Roepstorff, unpublished work), a number of insulin-like growth factors isolated from human serum ( M , 7400-7800) and a numbcr of proteins from locust cuticle ( M , 11 000-16 000). It should be noted here that the latter proteins are very hydrophobic and rather difficult to analyse, probably because they tend to aggregate. For such proteins extensive purification is essential before analysis by m.s., a process best performed by reversed-phase h.p.1.c. The protein-containing fractions from this separation procedure can be analysed directly by applying small aliquots of the eluatc on to the nitrocellulose using the spin-drying technique.
Further characterization by peptide mapping
If further characterization of a protein is needed, mass spectrometric peptide mapping can be performed. As most of the nitrocellulose-bound protein is intact after M , determination, it is possible to degrade this sample directly on the nitrocellulose-covered target with appropriate enzymes and obtain a peptide map. Alternatively, a small protein sample can be enzymatically cleaved in solution and an aliquot applied on the nitrocellulose by the spin-drying technique.
Peptide mapping is a very convenient technique for studying variant proteins. Thus for example, in the last purification step of the chlorophyll-c-binding protein mentioned above, two minor components were partly separated from the major component. The M , determined for these components showed slight differences from the major component. Upon mass spectrometric peptide mapping before and after a reduction reaction, one of the minor components could be demonstrated to contain an oxidized methionine residue, whereas the other most likely contained a single amino acid substitution .
Application of PD-ms. in protein sequence determinution
Analysis by PD-m.s. is now extensively used in our protein sequence studies (Fig. 2) . The first step is enzymic digestion to obtain peptides of a size suitable for sequence determination with the automatic sequenator. The time course of such digestions is easily monitored by applying small aliquots from the digestion mixture to nitrocellulose by the spin-drying technique. Analysis by PD-m.s. is sufficiently rapid to follow the digestion and to establish the optimal conditions . As a by-product, the 
.
Sequence determination from the C-terminus using carboxypeptidases Fig. 1( b ) is an example of such analysis. The M , thus determined is in itself useful because, in combination with amino acid analysis data, it shows how many steps of Edman degradation are necessary for sequence determination of the peptide. It also serves as confirmation of the sequence assigned and may even resolve ambiguities encountered in identification of the amino acid residues during Edman degradation ( Herjrup et al., 1987) .
In sequence determination from the N-terminus by Edman degradation, it is often difficult to determine the last few C-terminal residues. As a consequence, C-terminal sequence determination is very desirable. Chait & Field (1986) showed that the peptides could be digested by carboxypeptidase directly on the nitrocellulose target followed by analysis of the truncated peptides by PD-m.s. This technique is now routinely used in our laboratory. After recording the PD spectrum of a peptide, the target is withdrawn from the mass spectrometer and the carboxypeptidase solution is added. After an appropriate reaction time the sample is spin-dried and analysed by PD-m.s. Often it is possible to obtain the sequence of three to four residues from the C-terminus by this method. If further sequence information is desired, enzyme digestion in solution is used, because the enzyme kinetics are better controlled in this way. Such analyses are carried out as time-course analyses by applying small aliquots of the digestion mixture to a nitrocellulose target at suitable time intervals. By using a variety of carboxypeptidases it has been possible to determine the sequence of up to nine residues from the C-terminus (K. Klarskov, K. Breddam & P. Roepstotff. unpublished work).
The last step in protein sequence determination is to align the peptides from the first digest by identifying overlapping peptides from a second enzymic digest and to establish disulphide bridges, if any. Both these tasks can frequently be solved by mass spectrometric peptide mapping. For the former, the M , values of the peptides from the second digest can be correlated with the sequence of the peptides from the first digest. If unambiguous results are not obtained directly, this can be achieved by getting supplementary information about the peptides in the second digest such as amino acid composition, N-or C-terminal sequence data. We now routinely try to obtain the latter, because, as mentioned previously, this information may be obtained without further sample consumption.
Information about the position of the disulphide bridges may likewise be obtained by peptide mapping of an enzymic digest of the protein before reduction of the disulphide bridges followed by reduction directly on the nitrocellulose. If the peptide maps are too complex the peptides can be separated by h.p.1.c. followed by analysis of the fractions by PD-m.s. before and after reduction.
Monitoring protein modification reactions by I'D-ms.
PD-m.s. is ideally suited to monitoring of protein modification reactions such as reductions, alkylations or esterifications. Reduction of proteins takes place in a complex reaction mixture containing 8 M-urea, dithiothreitol, alkylation reagent and salts. Small aliquots from this reaction mixture can be applied to a nitrocellulose-covered target followed by extensive rinsing to remove the high content of salt and reagents. By this technique it was possible to follow the reduction and carboxymethylation of insulin .
Incomplete reactions or side-reactions are often first observed in the subsequent purification steps and PD-m.s. is in this case ideally suited to analyse the products. After reduction and pyridyl-ethylation of insulin, double peaks were obtained in the subsequent separation of the chains by h.p.1.c. for both the A-and B-chains. PD spectra of the fractions revealed that over-alkylation with up to two additional pyridyl-ethyl groups had occurred in both chains. Subsequent digestion of the nitrocellulose-bound A-and B-chains with Staphylococcus aureus protease revealed the location of the additional pyridyl-ethyl groups (P. Roepstorff et al., unpublished work) .
Screening for peptides derived from proteins with kno wti sequence
The M , information obtained by PD-m.s. can be used for screening for peptides derived from proteins with known sequence. Such a method using fast atom bombardment m.s. was introduced by Gibson & Biemann (1984) for verification and correction of the primary structures of proteins deduced from their DNA sequences. We have applied this method for identification of the peptides relative to the protein sequence in peptide mapping and to identify natural peptides derived from precursor proteins for which the DNA sequences are known. Recently, we have identified a number of peptides in extracts from bovine and rat pituitary as intermediate and final products of the processing of the large precursor molecules for neuropeptides (G. J. Feistner, P. Hnjrup, C. J. Evans, D. F. Barofsky, K. Faull & P. Roepstorff, unpublished work) .
A computer program has been developed which, based on the M , determined by PD-m.s., can search a linear protein sequence for possible matches (copyright P. Hnjrup). The peptide shown in Fig. l ( b ) is derived from reduced and alkylated bovine ribonuclease A by digestion with chymotrypsin. The search for the M , (determined as 970.9) with a tolerance of 2 atomic mass units in the ribonuclease A sequences gives five possibilities as shown in Fig. 3 . Based on the enzyme specificity, the most likely peptide is that underlined, corresponding to the C-terminal nonapeptide of ribonuclease. Further verification of this can be obtained by digestion of the nitrocellulose-bound peptide with carboxypeptidase to verify the C-terminal sequence. In general, any Frotein : Ritmuclease (EC 7.1.3.5). pancreatic -b v i n e , i m e r i c m b~s a ? . m t e r htffal- Fig. I(b) wirh the sequence oJ bovine riboriitcleuse A ambiguity encountered can be resolved either by mass spectrometric C-terminal sequence determination or by peptide mapping carried out on the nitrocellulose-bound sample already used for M , determination.
I-'D-m.s. iri biotechriology
The growth in biotechnological protein production has created a demand for techniques which can provide a quick and reliable characterization of proteins. We have found PDm.s. ideally suited for this purpose. The determined M, is usually sufficiently precise to show if the protein is that expected, or whether desired modifications have taken place and that undesired post-translational modifications are absent. Removal of an N-terminal methionine residue in biosynthetic human growth hormone could thus be confirmed by the M , determined by PD-m.s. ( M , measured 22 122, M,. calculated 22 125; Roepstorff et a/., 1988). Two biosynthetic interferons were also studied. For interferon-2a the M , was determined to be 19 334, which showed that an N-terminal methionine had not been removed ( M , calculated for
[Met]interferon-2a, 19 334). The PD spectrum of a-interferon showed a broad distribution of peaks in the molecular ion region, indicating a heterogeneous product. Mass spectrometric peptide mapping revealed that the heterogeneity was located to the C-terminal part of the molecule (G. M. Allmayer & P. Roepstorff, unpublished work).
The application of site-specific mutagenesis to generate new protein products, so called protein engineering, has similarly created a new analytical demand. The application of PD-m.s. for M, determination of the protein and for mass spectrometric peptide mapping has been very successful for characterizing such proteins in our laboratory (P. F. Nielsen, P. Roepstorff, 1. G. Clausen, E. B. Jcnsen, I. Jonassen, A. Svendsen, P. Balschmidt & F. B. Hansen, unpublished work). Dcletions or additions of amino acid residues can normally be ascertained by the M , determination alone as can some amino acid substitutions. If the M , determination is not sufficiently precise or if verification of the modification site is needed, mass spectrometric peptide mapping is applied, most frequently by digesting the nitrocellulose-bound sample already used for M , determination with an appropriate enzyme. Even a glutamic acid to glutamine mutation which only resulted in a mass difference of 1 atomic mass unit could be ascertained from the peptide map taking advantage of the specificity of S. uiireus protcase (P. Roepstorff et ul., unpublished work) .
Discussion
PD-m.s. has now established its position as a valuable analytical technique in protein chemistry. The nitrocellulose matrix is compatible with most solvents used in protein chemistry. It facilitates removal of low-M, contaminants. This is crucial for obtaining high molecular ion yields of peptides and proteins and thus also high sensitivity. It further allows chemical and enzymic reactions to be carried out directly on the nitrocellulose-bound sample already used for M , determination and also permits monitoring of such reactions performed in solution by simply applying small aliquots on to the nitrocellulose. We have found these features extremely useful in our protein studies.
The cost of establishing the method is low compared with the price of high mass sector mass spectrometers. The operation of the instrument as well as sample application pro-,cedures are so simple that the instrument is used routinely after a few days of training by all the members and guests in our research unit.
In the last years only limited progress has been obtained in increasing the upper M , value for protein analysis. The instrument in itself does not have an upper mass limit. It seems that the limitations are related to the desorption and stability of thc large ions. The nitrocellulose matrix has produced a considerable step forward in this direction, but some of the essential mechanisms involved arc not as yet understood. Further fundamental studies of the desorption and ionization process and its relation to the matrix employed may indicate new ways for analyses of large molecules, with increased precision of M , determinations and with higher sensitivity.
Due to the high sensitivity and specificity of g.c.-m.s., this tool has become valuable for the quantification and identification of analytes within complex matrices. For identification of an analyte, a mass spectrometer is normally operated with sample volatilization by electron-impact (El) ionization with the detector in scanning mode. The ion current at each massto-charge ratio ( m / z ) is monitored sequentially during each scan to produce a mass spectrum characteristic of the analyte. For quantification of analytes, the technique of selected ion monitoring is often used. During selected ion mcnitoring, ion currents at only a few m/z values characteristic of the analyte are monitored, enhancing sensitivity of g.c.-m.s. from 100-to 1000-fold. This enables quantification of analyte in the 10-y-10-12 grange.
Sensitivity of mass spectrometric quantitative analyses also may be enhanced through the use of an alternate ionization mode called electron-capture negative ionization (ECNI). In ECNI, thermal electrons are produced during the ionization of a high pressure (13.3-133.3 Pa) gas such as methane within an enclosed ionization volume. Secondary electrons ejected upon ionization of the gas, and ionizing electrons slowed by multiple collisions with the gas, become the low-energy electrons available for electron capture (EC) by the analyte. Depending on the chemical nature of the analyte, the captured electron either will be ejected, or a stable molecular anion will be formed. In some cases, dissociative EC occurs, yielding stable anionic fragments of the molecule. Highly halogenated and highly conjugated compounds are among the molecules which form stable negative ions efficiently under ECNI conditions. For many of these compounds, efficiencies for negative ion production are higher than efficiencies for positive ion production. Most other types of molecules will not form stable negative ions under these conditions. Therefore, ECNI is a highly selective ionization mode. Through increased selectivity, ionization of the sample matrix is suppressed. This, as well as high negative ionization efficiency of the analyte, results in an improved signal-to-background ratio. Hence, the sensitivity of a quantitative assay for an electrophilic analyte may be increased by using ECNI.
In order to extend the sensitivity afforded by ECNI-m.s. to the analysis of analytes having a poor E C response, derivatization methods have been developed. These involve attaching a halogenated moiety to a functional group of the analyte to increase its EC response. Excellent ECNI-m.s. detection limits have been achieved for some compounds after Abbreviations used: El, electron-impact; ECNI, electron-capture negative ionization; EC, electron capture; MO-TMS, methoximetrimethylsilyl ether; TMS, trimethylsilyl; ECD, electron-capture detector.
derivatization [ 11. For instance, the pentafluorobenzoyl derivative of amphetamine has an ECNI-m.s. detection Limit on the order of 10 fg. There are, however, some disadvantages associated with the use of general derivatization schemes. First, interfering compounds in the sample matrix can be derivatized along with the analyte; in this case, the effective signal-to-background ratio for the derivatized analyte may not increase without extensive purification. A second disadvantage can be the production of a mass spectrum in which the major ions formed arise from the group introduced on derivatization. In these cases, an assay based on selected ion monitoring of ions which are characteristic of teristic of the analyte were the major ions in the mass spectrum.
In the authors' laboratory, oxidation of the analyte is being explored as a means for increasing E C response while avoiding the problems associated with the general derivatization approach. Specifically, the application of oxidation for the analysis of low levels of corticosteroids within biological matrices is described. 1 the intact analyte will be less sensitive than if ions charac-
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History of oxidation f o r steroid analysis
Corticosteroids have been difficult to anayse by g.c.-m.s. due to their poor volatility and the thermal lability of the C-17 side chain [2] . The vapour phase properties and thermal stability of corticosteroids may be improved by formating their methoxime-trimethylsilyl ether (MO-TMS) derivatives. MO-TMS formation has proven to be useful for characterization of the steroids within a biological extract [3] . Disadvantages of the MO-TMS method for corticosteroids include the requirement for long reaction times for complete derivatization of the sterically hindered C-17 side chain, long g.c. retention times, possible hydrolysis of trimethylsilyl (TMS) ethers upon storage, unsuitability for ECNI, and low abundance of molecular ions by positive EL In spite of these disadvantages, MO-TMS derivative formation is commonly employed for steroid analysis by g.c.-m.s. However, for the analysis of low levels of specific corticosteroids within a complex biological matrix, more sensitive and selective methods are often needed. The assays described below which employ oxidation and ECNI-m.s. shows promise for meeting these analytical needs.
Like MO-TMS formation, the oxidation of corticosteroids yields volatile, thermally stable molecules that are suitable for g.c.-m.s. analysis [4] . Sodium bismuthate oxidation cleaves the C-17 side chain and forms a ketone at C-17. Other hydroxy groups on the molecule may also be converted to ketones, if desired, by using a stronger oxidation reagent such as chromic acid. In contrast to MO-TMS forrnation, oxidations are relatively brief one-step reactions, the resulting products are stable over time, and the g.c. retention times of the products are less than those of the correspond-
